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Abstract : 
Root exudates have important, yet incompletely known, roles in plant physiology, mainly in rhizosphere interactions with other 
organisms. Proline might play a critical role in protecting plants under stress, particularly under saline conditions. However, as 
far as we know, no attempts have been made to determine the proline content of root exudates. Here, we present preliminary 
results of the quantification of proline in root exudates of excised root cultures of Prunus rootstocks. 
Roots from micro-propagated Prunus rootstocks (‗Masto de Montaðana,‘ GF677 and ‗Adesoto 101‘) were cultured in vitro 
under increasing NaCl concentrations (0, 20, 60, 180 mM) to detect their early tolerance to salt stress. After three weeks of 
culture, the proline content of both the root tissues and the MS-based liquid medium in which the roots were cultured was 
determined. 
The proline concentration in root tissues and root exudates from all rootstocks increased as salt concentration in the medium 
increased, following a trend similar to that of whole plant tissues. This indicated that the role of proline exudates in plant 
responses to salt stress could be studied using non-destructive methods. In addition, proline exudates could be useful for the 
early detection of salt stress tolerance, provided that a relationship between proline and salt stress tolerance could be found. 
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1. Introduction 
Salinity is an abiotic stress factor that limits plant development (Sengupta and Majumder, 2009), and it is 
becoming a serious agricultural problem, especially in irrigated lands located in semiarid zones, where 20-30% 
of the land is seriously damaged by salt (FAO, 2002). High salt concentrations in the soil drastically reduce the 
yields of a variety of plants worldwide (Gorai and Neffati, 2007). 
Salinity tolerance is thus an important character in plant breeding to increase yields in marginal zones (Türkan 
and Demiral, 2009). Using conventional selection and breeding techniques, significant improvements in the 
salinity tolerance of agriculturally important plants has been achieved (Ashraf and Harris, 2004), although these 
techniques are long and expensive. This applies especially to the selection of fruit plant material, due to the long 
periods of growth required; therefore, strategies to shorten this process are needed. 
In vitro culture has emerged as a useful technique for the study of salt stress (Naik and Widholm, 1993, 
Woodward and Bennett, 2005), and it is being used for the selection of tomato and Vigna radiata plants tolerant 
of salinity (Hassan et al., 2008). Moreover, the accumulation of solutes such as glycine and proline has been 
linked to water stress, salinity and other abiotic plant stresses (Ashraf and Harris, 2004; Munns and Tester, 2008, 
Lu et al., 2009), indicating an essential role for these solutes in tolerance to these stresses. Proline accumulates 
under salt stress in both leaf and root tissues (Aziz et al., 1999) and putatively protects against the osmotic 
potential generated by salt (Watanabe et al., 2000, Chen et al., 2007) 
Here, we propose a novel approach using excised roots as a simplified experimental model (Marin and Marin, 
1998), since roots are the plant organs directly in contact with soil. Instead of studying the effect of salt stress in 
whole plants or in plant parts distant from the origin of the salt source; we examined the responses of isolated 
roots to salt stress in vitro in controlled culture conditions. The use of aseptic cultures allowed us to avoid 
potential effects of the rhizosphere (Yang et al., 2009). This paper aimed to study the accumulation of proline in 
relation to salt stress with a new and simplified root culture method that has proven to be an effective model for 
the early diagnosis of salt tolerance in Prunus. A patent application has been filed to protect the procedure 
(Andreu et al., 2008). However, as far as we know, growth under stress conditions has not been associated with 
proline accumulation in isolated root tissues or exudates. The composition of root exudates may have such 
diverse functions as adjustment of the pH or redox potential or protection from stress conditions. Furthermore, 
given the influence of rhizosphere microorganisms on the metabolism of these exudates (Suzuki et al., 2009), the 
study of exudates under sterile conditions allows more precise comparisons under different stress levels. 
The aim of this paper was to monitor proline in isolated roots and determine its relationship to salt stress. We 
measured, for the first time, the amount of proline in root exudates under increasing concentrations of salt in the 
culture medium. This method should allow for the future development of a non-destructive tolerance test that 
determines the response to stress of a plant by analyzing the culture medium in which the roots grow. 
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2. Materials & methods 
2.1. Plant material 
Roots from micro-propagated rootstocks 'Adesoto 101' (Prunus insititia), GF 677 (P. dulcis x P. persica) and 
‗Masto de Montaðana' (P. cerasus) were cultivated under saline stress conditions (Andreu and Marin, 2005) 
2.2. Isolated root culture under stress 
Root tips, 10 mm in length, were taken from roots washed in sterile distilled water and trimmed on a 
Petri dish placed over ruled paper. Ten root tips per treatment of each rootstock were cultured in 30 
ml of liquid MS (Murashige and Skoog, 1962) medium with 3% sucrose, but without growth 
regulators (Andreu et al., 2009) and placed in the dark in an orbital shaker (90 rpm) in a culture room 
at 24°C. Salt stress was applied by adding NaCl at 4 concentrations to the culture medium: 0 
(control), 20, 60 and 180 mM. The total electric conductivity (E.C.) of the culture media at 25°C was 
6.0, 8.2, 12.5, and 23.6 dS.m-1, respectively. Each experiment was repeated in triplicate. 
Root cultures were evaluated after three weeks and root length was measured using ruled paper. For 
anatomical studies, hand-made root sections using a razor blade were observed fresh or after fixation 
in a 2.5% glutaraldehyde in phosphate buffer (0.03 M, pH=7) (Sabatini et al., 1963) after staining 
with I2KI (Jensen, 1962) for routine starch observations. Sections were observed for starch using an 
Olympus AX60 microscope and images were recorded with a digital camera (Olympus Camedia 
C7070). 
 
2.3. Proline determination 
Proline colorimetric determination proceeded according to Bates et al. (Bates et al., 1973, Marín et 
al., 2009) based on proline's reaction with ninhydrin. For proline colorimetric determinations, a 1:1:1 
solution of proline, ninhydrin acid and glacial acetic acid was incubated at 100ºC for 1 hour. The 
reaction was arrested in an iced bath and the cromophore was extracted with 4 ml toluene and its 
absorbance at 520 nm was determined in a BioMate spectrophotometer (Thermo Spectronic). The 
results were analyzed with ANOVA. 
Proline concentrations in root tissues and exudates were determined following three weeks of culture 
in aseptic conditions. Next, we measured the length of the roots and kept them frozen until use. The 
culture medium was filtered with a double membrane filter, pore sizes of 0.8 and 0.2 μm and kept 
frozen until lyophilization in a Genesis 25EL lyophilizer (Virtis, Gardiner, USA). The lyophilized 
culture medium was resuspended with 1.2 ml of 3% sulfosalicylic acid and after centrifugation (10 
min at 12,000 rpm) was mixed in a 1:1:1 ratio with ninhydrin acid and glacial acetic acid. The 
reaction and determination of proline were carried out similarly to that described above 
The concentration of proline in root tissues was determined by triturating the frozen roots. Subsequently, 0.5 g of 
triturated roots was mixed with 2 ml of 3% sulfosalicylic acid. The supernatant after centrifugation was mixed in 
a 1:1:1 ratio with ninhydrin acid and glacial acetic acid. The reaction and determination of proline were carried 
out similarly to that described above. The method was calibrated for each determination with standard proline 
solutions within the detection range of the method (0-39 µg. ml
-1
). 
3. Results 
3.1. Root growth 
The growth of excised roots correlated inversely with salt concentration similarly in all three rootstocks. Growth 
was significant at 0 mM NaCl, while no growth was observed at 180 mM NaCl and intermediate responses were 
observed at 20 and 60 mM NaCl (Figure 1). Root length decreased as salt concentration increased in all 
rootstocks, but not homogeneously (Figure 1); thus 'Adesoto 101' showed similar growth to the control at 60 mM 
NaCl, or even higher at 20 mM NaCl. 
 
3.2. Determination of proline in isolated root cultures under stress  
The concentration of proline in root tissues isolated from the 'Adesoto 101' rootstock and grown in vitro under 
increasing concentrations of NaCl was determined after three weeks of culture. Proline in root tissues increased 
with the stress, and was very high at 180 mM NaCl (Figure 2) where there was no root growth (Figure 1).  
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Figure 1. Root growth of excised root cultures of different rootstocks from different species of the genus 
Prunus: P. insititia, 'Adesoto 101' ; P. cerasus, 'Masto de Montañana' and P. dulcis x persica, GF 677 at 
increasing NaCl concentrations 
 
 
Figure 2. Proline concentration in ‗Adesoto 101‘ cultured excised roots (solid symbols) and in their 
exudates, expressed as µg.ml
-1
 of culture medium (open symbols). 
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Furthermore, our results demonstrated the presence of proline in isolated root exudates, where the concentration 
of proline was determined in the liquid culture medium. Proline concentration in the exudates increased as salt 
stress increased, following a similar pattern to root tissues (Figure 2). 
3.3. Determination of proline in exudates of rootstocks from different species of Prunus   
The analysis of root exudates from root cultures of rootstocks from different Prunus species (P. insititia, 
'Adesoto 101'; P. cerasus, 'Masto de Montañana' and P. dulcis x persica, GF 677) under increasing NaCl 
concentrations showed the presence of proline in the exudates of all three species. The proline content of the 
exudates increased with the NaCl concentration of the culture medium. At the highest concentration, 180 mM 
NaCl, the three species displayed very high values: 'Adesoto 101', 1.67 mg .ml
-1
; GF 677, 1.07 mg .ml
-1
 and 
‗Masto de Montaðana ', 17.64 mg .ml-1. At lower concentrations of NaCl (0-60 mM), the increase in the proline 
concentration showed a similar pattern in all rootstocks and it correlated very well with the salt concentration of 
the culture medium (Figure 3) showing correlation coefficients of 0.99 for 'Masto de Montañana' and GF677 and 
0.97 for 'Adesoto 101.'. 
 
 
Figure 3. Proline concentration in the culture medium from excised roots of different Prunus rootstocks 
(P. insititia, 'Adesoto 101'; P. cerasus, 'Masto de Montañana' and P. dulcis x persica, GF 677). 
 
3.4. Starch content of roots at 10 mm from the tip 
The presence of starch grains in the maturation zone (about 10 mm from the root tip) increased  in root cells of 
the cortex at high salt concentrations (Figure 4), but the result depended on the genotype: ‗Adesoto 101‘ 
accumulated fewer starch grains than ‗Masto de Montaðana.‘ 
 
  
Figure 4. Cross sections of the maturation zone of roots of 'Adesoto 101' showing starch grains 
after I2KI staining. Left: 0 mM NaCl; Right: 180 mM NaCl. 
 
4. Discussion 
The results presented in this paper show that 1) proline accumulates in isolated roots grown in vitro in response 
to the application of salt stress, similarly to what happens in whole plants, and 2) proline is also exuded by roots, 
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and it collects in liquid root culture medium in the same pattern as that observed in roots. Proline was studied in 
numerous works dealing with plant selection against abiotic stresses such as drought and salinity. Proline 
concentrations were determined by a fast, simple and accurate method based on the reaction of proline with acid 
ninhydrin (Bates et al., 1973). 
 Culturing excised roots has proven to be a very good experimental model for the early detection of tolerance to 
abiotic stresses such as salinity (Marin and Marin, 1998, Hossain et al., 2004, Suzuki et al., 2009, Andreu et al., 
2009). Here, this experimental model shows a quick response of root tips to stress (three weeks) with a decrease 
of longitudinal growth as the stress increases. In addition, there was an accumulation of starch in the maturation 
zone of roots that was indirectly related to stress. Moreover, we found a good correspondence between the stress 
responses of isolated roots and those of whole plants, allowing their use as a tool for the early selection of 
patterns of fruit species (Andreu et al., 2008). Furthermore, the model lets us study root exudates when roots are 
faced with increasing stress under aseptic conditions, thus eliminating interference from rhizosphere 
microorganisms (Suzuki et al., 2009).  
Numerous studies have linked the accumulation of proline to salt stress (Aziz et al., 1999, Munns and Tester, 
2008), and it may play a protective role against the osmotic potential generated by salt (Chen et al., 2007, Hoque 
et al., 2008). Our model allowed us to determine whether the accumulation of proline was a response of isolated 
roots to salt stress. Here, analysis of both isolated roots and their exudates has shown, for the first time, that 
increasing concentrations of proline were found as a response to increasing NaCl concentrations. In addition, like 
the roots, the exudates kept a strong relationship with the salt concentration of the culture medium in which they 
grew, showing in the range of 0 to 60 mM NaCl correlation coefficients of 0.99 for 'Masto de Montañana' and 
GF677 and 0.97 for 'Adesoto 101.' At 180 mM NaCl, the proline concentration showed a large increase in 
response to salt stress, although the activity of the roots at this concentration was minimal, with no appreciative 
longitudinal growth.  
The fact that rootstocks belonging to different Prunus species showed a similar proline accumulation pattern in 
response to stress, both in root tissues and exudates, suggests that this mechanism is highly conserved in the 
genus Prunus, and it may also be present in other genera such as Malus and Pyrus. 
Since the relationship between proline accumulation in root tissues (or preferably, in root exudates) and the 
degree of salt stress might be related to the salinity tolerance of a clone, the results of this study highlight the 
need for further studies to establish whether proline can, under certain conditions, be a marker of fruit tree 
tolerance to salinity. Exudates would then permit one to study salt tolerance using non-destructive tests.  
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